Background
==========

Gene expression is ultimately controlled by the DNA sequence of the genome. The dramatically different DNA composition of proximal promoters in mammals \[[@B1]\] compared to yeast \[[@B2]\] and Drosophila \[[@B3]\] suggests that different mechanisms regulate gene expression in those organisms. Proximal promoters in yeast and Drosophila are AT rich and tend to be poorly-bound by nucleosomes both *in vitro* and *in vivo*\[[@B4]-[@B6]\] allowing easy access for transcription factors (TFs). In contrast, vertebrate promoters are often GC rich \[[@B7]\] and are well bound by nucleosomes *in vitro*\[[@B4],[@B6],[@B8]\]. *In vivo*, however, the GC rich promoters are instead bound by transcription factors and RNA polymerase II \[[@B4],[@B5],[@B9]\]. This observation lends support to a dynamic equilibrium switch mechanism where the promoter shifts from being bound by a nucleosome to being bound by TFs \[[@B3],[@B10],[@B11]\]. The kinetic interplay between these two states is mediated by the chromatin remodeling factors that disrupt, unwrap, and/or displace nucleosomes \[[@B10],[@B12]-[@B14]\]. An extension of this competition model is a collaborative competition model where two TFs can bind to DNA independently but together can cooperate and displace a nucleosome if the two TFBSs are within 150-bps of each other \[[@B10],[@B11],[@B15]-[@B18]\]. The mechanistic details of this switch are complex with some TF being able to bind to DNA also bound by the histone octamer \[[@B19]\].

The determination of the *in vitro* binding of chicken nucleosomes to yeast genomic DNA allowed development of a scoring system that give an intrinsic nucleosome occupancy score (INOS) that indicates how well a nucleosome would bind any 150-bps of DNA \[[@B4],[@B6]\]. This scoring system predicts that nucleosomes would bind CpG-rich regions well, which is consistent with what was observed \[[@B5],[@B8]\] indicates credibility to the accuracy of the calculation. A general conclusion is that nucleosomes preferentially bind cytosine and guanine, sequences that often occur in clusters called CpG islands in mammalian genomes \[[@B5]\]. Hughes and colleagues have shown that in human samples, TF binding and DNase I hypersensitive sites (DHS) preferentially localize in genomic regions with high INOS \[[@B5]\].

In this study, we have focused on three TFs binding to their canonical TFBSs: c-Jun binding the AP-1 motif (TGA^C^/~G~TCA), glucocorticoid receptor (GR) binding the GR-like split 8-mer (G-ACA\-\--TGT-C) \[[@B20]-[@B22]\], and Hoxa2 binding the homeobox Pbx motif (TGATTGAT) \[[@B23]\]. We show that nucleosomes are calculated to bind preferentially to both the GR and c-Jun motifs revealing an inherent competition between nucleosome and TF for binding. In contrast, the Hoxa2 motif is calculated to be less well bound by nucleosomes suggesting they are not in competition for binding the canonical motif \[[@B24]\]. Some Hoxa2 and GR, but not c-Jun, bound motifs have low INOS suggesting a second class of motifs that are not in competition with nucleosomes and may function using different mechanisms.

We used a logistic regression to evaluate the significance of these correlative observations and determined how well INOS and co-occurring DNA motifs could predict if a canonical motif would be bound by a TF. High INOS for canonical AP-1 motifs was a good predictor of c-Jun binding but co-occurring sequences was not predictive. For GR, in contrast, INOS was less predictive but co-occurring cis-motifs, (e.g., AP-1 or E-Box) was more predictive.

Results
=======

GR and c-Jun proteins preferentially bind canonical DNA motifs in regions with high INOSs
-----------------------------------------------------------------------------------------

Previous work has shown that dexamethasone induced GR protein binding preferentially occurs in DHS in the genome \[[@B20],[@B21]\]. GR ChIP-seq data identified peaks for GR binding that were examined using MEME \[[@B25]\], DNA motif finding tools, and presented a position weight matrix for the enriched GR motif and the co-occurring AP-1 motif. We have extended this analysis and examined all DNA 8-mers in the form of the GR motif (N-NNN\-\--NNN-N) termed a GR-like split 8-mer and calculated the enrichment of split-8-mers in GR peaks (Additional file [1](#S1){ref-type="supplementary-material"}: Figure S1A). Two sequences (G-ACA\-\--TGT-C and G-ACA\-\--CGT-C), which occur 27,176 and 7,394 times in the masked genome, are the most enriched (\~20-fold) split 8-mers in the GR peaks. To exclude repetitive parts of the genome, we focused on the masked genome comprising \~55% of the genome \[[@B26]\]. Similar results are obtained when we examine the whole genome. The CG containing GR motif is not prominently seen in the published position weight matrix \[[@B21]\] reflecting it is rare in the genome. The variable enrichment of distinct sequences reflects the importance of studying individual sequence motifs instead of position weight matrices \[[@B27],[@B28]\]. We also determined the enrichment of all 8-mers in the AP-1-like form (NNNNNNNN) in the 20,391 c-Jun peaks - the four most enriched 8-mers contained the canonical AP-1 7-mer (TGA^C^/~G~TCA) (Additional file [1](#S1){ref-type="supplementary-material"}: Figure S1B). INOS averages for GR peaks, c-Jun peaks, and DHSs spanning a 1,500-bp region have a maximum at the center of the peak with widths of \~300-bps (Figure [1](#F1){ref-type="fig"}A; Additional file [1](#S1){ref-type="supplementary-material"}: Figure S2) as shown previously for other mammalian transcription factors \[[@B5]\].

![**Intrinsic nucleosome occupancy scores for regulatory sites.** (**A**) Average intrinsic nucleosome occupancy score (INOS) for 96,709 DNase I hypersensitive sites, 20,391 c-Jun peaks, and 8,236 GR peaks within ±750-bps from the center of the peak. (**B**) Average INOS near (±750-bps) canonical AP-1 motifs (TGA^C^/~G~TCA); 11,926 bound and 260,047 unbound AP-1 motifs are shown. 100,000 randomly selected sequences are shown as control. (**C**) The blue histogram shows the distribution of INOS for all 271,973 AP-1 motifs in the mouse genome and the red histogram shows the percent bound by c-Jun indicating preference for binding to the motifs with higher INOSs. 4.4% of all AP-1 sites are bound by c-Jun (black dashed line). (**D**) Average INOS near (±750-bps) canonical GR motifs (G-ACA\-\--TGT-C); 1,393 bound and 25,783 unbound GR motifs are shown. (**E**) GR binds preferentially to GR motifs with higher INOSs. 5.1% of all GR sites are bound by GR (black dashed line).](1471-2164-14-428-1){#F1}

One way to evaluate how predictive high INOS is in TF localization in the genome would be to calculate an INOS for each nucleotide in the genome. However, to simplify the analysis, we calculated the INOS for all canonical motifs and compared this to ChIP-seq data that identify bound canonical motifs. Over half of the 20,391 c-Jun ChIP-seq peaks in mouse mammary 3134 cells contain a canonical 7-bp AP-1 motif. The average INOS across 1,500-bps for the c-Jun peaks with and without an AP-1 motif are similar (Additional file [1](#S1){ref-type="supplementary-material"}: Figure S3). The bound AP-1 motifs have significantly higher INOS values (\~0.7) compared to unbound motifs (\~0.1) (Figure [1](#F1){ref-type="fig"}B, Additional file [1](#S1){ref-type="supplementary-material"}: Figure S2) (p\<2.2×10^-16^). Figure [1](#F1){ref-type="fig"}C presents a histogram summarizing INOS distribution for all AP-1 motifs in the genome and the percentage in c-Jun ChIP-seq peaks. c-Jun preferentially binds AP-1 motifs with high INOS, while only a few AP-1 motifs with low INOS are bound. 4.4% of canonical AP-1 motifs are bound by c-Jun, while up to \~30% of AP-1 motifs with high INOS (from 1.8 to 2.1) are bound by c-Jun (Figure [1](#F1){ref-type="fig"}B-C). To evaluate the significance of INOS for determining c-Jun binding to the AP-1 motif, we used a logistic regression. The percent of variance explained (PVE) and area under ROC curve (AUC) by INOS for c-Jun binding canonical motifs are 10.3% and 0.76 (Table [1](#T1){ref-type="table"}, Additional file [1](#S1){ref-type="supplementary-material"}: Table S1A) indicating INOS is predictive of c-Jun binding. When we examine c-Jun binding to non-AP-1 sequences, INOS is less predictive (Additional file [1:](#S1){ref-type="supplementary-material"} Table S2A-B).

###### 

**Modeling c**-**Jun**, **GR and Hoxa2 binding using a logistic regression**

  **Evaluated parameters**                        **AP**-**1 motif**   **GR motif**   **Pbx motif**                                                  
  --------------------------------------------- -------------------- -------------- --------------- ------------- ------ ------ ------------- ------ ------
  **A1**. **Peak**                                              10.3           0.04            0.76           2.9   0.05   0.63           0.5   0.01   0.57
  **A2**. **Background**                                         6.5           0.04            0.70           3.0   0.05   0.64           0.1   0.01   0.50
  **A3**. **Relative peak**                                      1.9           0.04            0.62           0.2   0.05   0.53           0.6   0.01   0.57
  **A**. **INOS** (**A1**+**A2**+**A3**)                **11**.**5**           0.04            0.77   **3**.**9**   0.05   0.66   **0**.**6**   0.01   0.57
  **B**. **Overlap with CGIs**                                   0.9           0.04            0.53           0.1   0.05   0.51           0.0   0.01   0.51
  **C**. **Cluster of canonical motifs**                         5.5           0.04            0.66           0.6   0.05   0.51           0.1   0.01   0.51
  **D**. **Co**-**occurrence of 2nd motif**\*            **0**.**2**           0.04            0.51   **2**.**6**   0.05   0.57   **0**.**1**   0.01   0.51
  **A**+**B**                                                   12.3           0.04            0.78           3.9   0.05   0.66           0.6   0.01   0.57
  **A**+**B**+**C**                                             13.9           0.04            0.79           4.2   0.05   0.67           0.7   0.01   0.58
  **A**+**B**+**C**+**D**                                       14.0           0.04            0.79           6.7   0.05   0.70           0.8   0.01   0.58

Modeling the c-Jun binding to AP-1 motif (TGA^C^/~G~TCA), GR binding to GR motif (G-ACA\-\--TGT-C), Hoxa2 binding to Pbx motif (TGATTGAT) were performed by the logistic regression using generalized linear models (GLM). *PVE* Percent of variance explained (%) = 1-(deviance/null.deviance). *CV err*. estimated 11-fold cross-validation prediction error, *AUC* Area under the ROC curve. \*The Co-occurrence of 2nd motifs: the co-occurrence motif of AP-1 motif is GR motif (G-ACA\-\--TGT-C), the co-occurrence of GR motif is AP-1 motif (TGA^C^/~G~TCA), the co-occurrence of Pbx motif is GR-like 8-mer (G-TGA\-\--ATG-C). The PVEs of INOS and Co-occurrence of 2nd motif for AP-1, GR and Pbx motif are shown in bold to highlight the difference between the motifs.

The INOS for all canonical GR motifs (G-ACA\-\--TGT-C) in the genome were also determined (Figure [1](#F1){ref-type="fig"}D, Additional file [1](#S1){ref-type="supplementary-material"}: Figure S2C). Like c-Jun, both peak and background INOS values are higher for the bound motifs than the unbound GR motifs (Figure [1](#F1){ref-type="fig"}D) (p\<2.2×10^-16^) and have higher INOS near the peak (±150 bps) compared to nearby (±750 to ±150 bps). GR binds 5.1% of the canonical GR motifs, and preferentially binds to motifs in the genomic regions with higher INOSs (Figure [1](#F1){ref-type="fig"}E). Unlike c-Jun, some GR motifs with low INOS (−2 to −1) are bound (Figure [1](#F1){ref-type="fig"}C, Figure [1](#F1){ref-type="fig"}E, Additional file [1](#S1){ref-type="supplementary-material"}: Figure S2E) which may be indicative of a non-competitive model for TF and nucleosome binding \[[@B29]\]. Using the logistic regression, the PVE and AUC for INOS in the peaks to GR binding are 2.9% and 0.63, much less than 10.3% and 0.76 for c-Jun (Table [1](#T1){ref-type="table"}, Additional file [1](#S1){ref-type="supplementary-material"}: Table S1A-B).

**Two additional INOS parameters are predictive of GR and c**-**Jun binding to canonical motifs**
-------------------------------------------------------------------------------------------------

In addition to the INOS calculated when the canonical motif is at the center of the nucleosome-sized 150-bp genomic region (Peak value), we also examined the 'Background' value of INOS (±750 to ±150 bps) as well as the 'Peak height' or 'Relative Peak' value of INOS (the difference between the Peak and Background values) \[[@B5]\]\[[@B30]\] (Figure [1](#F1){ref-type="fig"}A). Additional file [1](#S1){ref-type="supplementary-material"}: Table S3A characterizes AP-1 motifs based on 'Background' and 'Relative Peak' values revealing how these parameters can predict which motifs will be bound by c-Jun. For example, 14.4% of the 2,184 AP-1 motifs with "high" 'Background' and 'Relative Peaks' values are bound by c-Jun while zero of the 2,204 AP-1 sites with "low" 'Background' and 'Relative Peaks' values are bound. To extend the insights gained from averaging the INOS for all motifs, we examined individual values of 'Relative Peaks'. 77% of bound AP-1 motifs have higher INOS near the motif (±150 bps) compared to adjacent DNA sequences (±750 to ±150 bps) while only 59% of unbound canonical AP-1 motifs have this trait (p\<2.2×10^-16^). Similar but less dramatic results are observed for GR localization to canonical GR motifs (Additional file [1](#S1){ref-type="supplementary-material"}: Table S3B). 74% of canonical GR motifs have a higher INOS near the motif (±150 bps) compared to background (±750 to ±150 bps), while 66% of the unbound canonical GR motifs have this trait (p= 8.9 × 10^-10^).

A logistic regression indicates that the percent of variance explained (PVE) and AUC for 'Background' INOS for c-Jun localization to the canonical motif are 6.5% and 0.70, while the PVE and AUC of 'Relative Peaks' INOSs for c-Jun binding are only 1.9% and 0.62 (Table [1](#T1){ref-type="table"}, Additional file [1](#S1){ref-type="supplementary-material"}: Table S1A). The least predictive factor was the relative peak value, which was previously reported as supporting a collaborative competition model \[[@B5],[@B30]\]. For c-Jun binding to AP-1 canonical motifs, the combined PVE and AUC for these three parameters are 11.5% and 0.77 (Table [1](#T1){ref-type="table"}, Additional file [1](#S1){ref-type="supplementary-material"}: Table S1A). For GR localization to canonical motifs, the PVE and AUC for Background INOSs are 3.0% and 0.64 but the PVE and AUC of Relative Peak INOSs are only 0.2% and 0.53 with the PVE and AUC of all three parameters are 3.9% and 0.66 (Table [1](#T1){ref-type="table"}, Additional file [1](#S1){ref-type="supplementary-material"}: Table S1B).

Nucleosomes preferentially bind GR and AP-1 motifs but not the Pbx motif
------------------------------------------------------------------------

c-Jun and to an extent GR, prefer to bind motifs embedded in 150-bp long nucleosome-sized regions with high INOS, however the contribution of the TFBS itself to INOS of the entire 150-bps remains unclear. To address this issue, for each motif, we calculated the INOS for 1,000 simulated random 150-bp DNA sequences with 42% GC content as occurs in the mouse genome with the motif at the center. We examined all 32,896 GR-like 8-mers (N-NNN\-\--NNN-N) and AP-1-like 8-mers (NNNNNNNN), as well as a control set where motifs at the center were also randomized (Figure [2](#F2){ref-type="fig"}A-B). The canonical GR motif (G-ACA\-\--^T^/~C~GT-C) has a higher score than the average INOS or the control set (p= 1.5 × 10^-33^) suggesting that nucleosomes preferentially bind the GR motif. When we examined continuous 8-mers, a distribution was observed with many classic motifs, including AP-1, having higher INOS than random, similar to what was observed for GR (Figure [2](#F2){ref-type="fig"}B).

![**The GR and AP**-**1 motifs are calculated to be well**-**bound by nucleosomes.** (**A**) Distribution of the INOS for 32,896 GR-like 8-mers (N-NNN\-\--NNN-N). The INOS for each split 8-mer is calculated from 1,000 simulated 150-bp DNA sequences with the GR-like 8-mer in the center. The GR motifs are calculated to bind nucleosome better than the average GR-like 8-mer. The two GR motifs (G-ACA\-\--^T^/~C~GT-C) are highlighted. Average INOS for all split 8-mers is shown as a dashed vertical red line. Distribution of INOS (0.141±0.015) for 32,896 random control set following Gaussian distribution is shown in purple. (**B**) Distribution of the INOS for all continuous 8-mers (NNNNNNNN). (**C**) Average INOS for 8,235 Hoxa2 ChIP-seq peaks \[[@B23]\]. (**D**) Average INOS near (±750-bps) canonical Pbx motifs (TGATTGAT); 638 bound as observed in the Hoxa2 ChIP-seq peaks and 59,164 unbound Pbx motifs are shown. (**E**) The blue histogram shows the distribution of INOS for all 59,802 Pbx motifs and the red histogram shows the percent bound by Hoxa2.](1471-2164-14-428-2){#F2}

We next used the logistic regression to evaluate the contribution of the 150-bps without the TFBS to INOS. To examine this, we maintained the DNA sequences surrounding the motif and replaced the motif by random bases with GC content of 42%, and then calculated INOS. Excluding the TFBS from the calculation of INOS decreases the PVE of INOSs from 10.3% to 7.4% and AUC from 0.76 to 0.72 for c-Jun localization indicating that both the AP-1 motif and additional sequences drive preferential nucleosome binding (Additional file [1](#S1){ref-type="supplementary-material"}: Table S1A). Similar results (the PVE decreases from 2.9% to 2.7%, AUC decreases from 0.633 to 0.632) were observed for GR motifs (Additional file [1](#S1){ref-type="supplementary-material"}: Table S1B).

Some TFBSs, such as Homeobox Pbx (TGATTGAT) motif, have low INOS (p=4.1×10^-21^) and thus are not competing with nucleosomes for binding *in vivo* (Figure [2](#F2){ref-type="fig"}B-C). Examining published Hoxa2 ChIP-seq peaks from mouse secondary bronchial arches \[[@B23]\] (Figure [2](#F2){ref-type="fig"}C), we observed that motifs with both high and low INOS were bound. We examined all 59,802 occurrence of the Pbx motif in the genome and calculated INOSs for both the 638 bound and 59,164 unbound Pbx motifs (Figure [2](#F2){ref-type="fig"}D-E, Additional file [1](#S1){ref-type="supplementary-material"}: Figure S1C). The bound TFBS with low INOS suggest the homeobox protein is not in competition with nucleosomes for binding to DNA as previously observed for TFs that bind yeast promoters \[[@B29]\].

GR binding and open chromatin
-----------------------------

We correlated GR binding with the presence of a DHS to better understand the relationship between TF binding, the presence of a canonical motif, and nucleosome remodeling. GR peaks were classified into three groups, i.e. 71% in pre-programmed DHSs (DHSs observed in the absence of dexamethasone), 24% in re-programmed DHS (new DHSs induced after activation of GR by dexamethasone), and the remaining 5% in the regions that are not DHSs, which we term un-programmed DHS. GR motifs in all three groups have similar INOS with the pre-programmed DHS having slightly higher values (Additional file [1](#S1){ref-type="supplementary-material"}: Figure S2A and S2C) 9% of the GR peaks in pre-programmed DHSs contain a canonical GR motif, 34% of GR peaks at re-programmed DHSs contain a canonical GR motif, while 48% of GR peaks not in DHSs contain a canonical GR motif (Table [2](#T2){ref-type="table"}, Additional file [1](#S1){ref-type="supplementary-material"}: Figure S2A and S2C), suggesting a canonical motif facilitates GR binding in chromatin (p\<2.2×10^-16^). Inclusion of the experimentally determined DHSs to the logistic regression, increased the PVE for c-Jun and GR binding to 56.5% and 39.3% respectively, and increased AUC to 0.96 and 0.88 (Additional file [1](#S1){ref-type="supplementary-material"}: Table S1A-B).

###### 

**Effect of A**-**FOS on GR binding to the GR motif and 1**-**bp variants**

  **GR Motifs**                     **\#in Genome**   **\#in Peaks(%of Peaks with the Motif)**       **%With AP**-**1(%in c**-**Jun Peaks)**   **+AP**-**1**   **\-\--AP**-**1**
  --------------------------------- ----------------- ---------------------------------------------- ----------------------------------------- --------------- -------------------
                                                      **Pre**-**Programmed** (**5**,**865 Peaks**)                                                             
  **G**-**ACA**\-\--**TGT**-**C**   27,176            523 (9%)                                       23% (80%)                                 44%             15%
  **G**-**ACA**\-\--**CGT**-**C**   7,394             131 (2%)                                       23% (80%)                                 38%             20%
  **1**-**bp Variants**             575,842           1,719 (30%)                                    31% (86%)                                 54%             28%
                                                      **Re**-**Programmed** (**1**,**946 Peaks**)                                                              
  **G**-**ACA**\-\--**TGT**-**C**   27,176            665 (34%)                                      14% (44%)                                 45%             9%
  **G**-**ACA**\-\--**CGT**-**C**   7,394             134 (7%)                                       10% (23%)                                 39%             4%
  **1**-**bp Variants**             575,842           806 (41%)                                      18% (33%)                                 50%             11%
                                                      **Un**-**Programmed** (**425 Peaks**)                                                                    
  **G**-**ACA**\-\--**TGT**-**C**   27,176            205 (48%)                                      6% (0%)                                   58%             8%
  **G**-**ACA**\-\--**CGT**-**C**   7,394             29 (7%)                                        7% (0%)                                   50%             4%
  **1**-**bp Variants**             575,842           186 (44%)                                      9% (6%)                                   41%             11%

Effect of A-FOS on GR binding to the GR motif and 1-bp variants depends on the presence of an AP-1 motif within 150-bps. GR ChIP-seq peaks are placed into three groups, pre-programmed, re-programmed, and un-programmed. Column 1: GR motifs. Column 2: \# of occurrences of each motif in the genome. Column 3: \# of motifs bound by GR. In brackets is the % of peaks that contain the motif. Column 4: % of peaks containing a GR motif containing an AP-1 motif within 150-bps. In brackets is the % of GR motifs contain an AP-1 motif that are bound by c-Jun. Column 5: % of GR motifs containing an AP-1 motif nearby that loses GR binding after inhibition of c-Jun binding by the dominant negative A-FOS. Column 6: % of GR motifs without a nearby AP-1 motif that lose GR binding after inhibition of c-Jun binding by the dominant negative A-FOS.

To more clearly examine GR binding in the un-programmed peaks, we compared the sequencing tag-density of GR and c-Jun binding, and the DHS signal within 3-Kb of the peak (Figure [3](#F3){ref-type="fig"}A-B). In the 425 un-programmed GR peaks, a clear signal for GR binding was observed yet there was a less signal for the DHS. In contrast to GR, more than 95% c-Jun binding is at pre-programmed DHSs. Only 1.5% of c-Jun binding is in re-programmed DHSs (n = 321) and in all these cases, a clear signal of tag density is observed for c-Jun, GR and DHS (Figure [3](#F3){ref-type="fig"}B). 42% of c-Jun peaks in re-programmed DHSs have a canonical AP-1 motif and 93% are bound by GR suggesting these two proteins are acting together resulting in more open chromatin. 3% of c-Jun peaks are in un-programmed DHSs but little tag density is observed for either c-Jun or DHSs in contrast to the GR tag density at un-programmed peaks suggesting that GR has a higher propensity to bind in chromatin (Figure [3](#F3){ref-type="fig"}B, Additional file [1](#S1){ref-type="supplementary-material"}: Figure S2B, Figure S2D).

![**Chromatin accessibility of GR and AP**-**1 motifs in 3134 cell line*in vivo.*** (**A**-**B**) Density of sequenced tags for GR, c-Jun ChIP-seq and DNase I-seq were counted in 3-Kb up and downstream of the center of (**A**) the GR ChIP-seq peaks and (**B**) the c-Jun ChIP-seq peaks. GR peaks are placed in three groups, pre-programmed DHS peaks, re-programmed DHS peaks, and GR peaks that are not in a DHS peak termed as un-programmed. The bin size is 300-bps and slide window is 150-bps. Sequence reads for GR, DHS, and c-Jun are normalized w.r.t the total tag-density. Re-programmed and un-programmed c-Jun peaks are enlarged to better present the tag-density pattern. (**C**) Overlapping crystal structures for the nucleosome (PDB ID: 1AOI), GR (1R4O) and c-Jun\|Fos (1FOS) showing GR can bind the nucleosome-occluded DNA while c-Jun\|Fos has steric hindrances.](1471-2164-14-428-3){#F3}

An alternative method to evaluate GR and c-Jun binding is to compare normalized tag density within 150-bps for GR and c-Jun peaks containing canonical motifs with DHS reads (Additional file [1](#S1){ref-type="supplementary-material"}: Figure S4A-B). We examined the AP-1 8-mer (ATGAGTCA) for a more accurate comparison with the GR motif 8-mer (G-ACA\-\--TGT-C). The slope of c-Jun reads against DHS reads at the non-DHS regions is much higher than for GR implying GR can bind to the non-DHS regions better than c-Jun. Visualization of tag-density profiles within the 3-Kb upstream and downstream of the canonical GR motifs and AP-1 8-mer (ATGAGTCA) supports GR binding in non-DHS regions (Additional file [1](#S1){ref-type="supplementary-material"}: Figure S4C-D). X-ray crystal structures of GR (PDB ID: 1R4O) and AP-1 (PDB ID: 1FOS) proteins bound to their canonical DNA motifs were overlaid with an X-ray structure of the histone octamer (PDB ID: 1AOI) bound to DNA (a nucleosome) using the program Chimera \[[@B31]\] to create a physical model of these proteins bound to the same DNA. No physical clashes were observed when GR and the histone octomer bind the same DNA as has been experimental shown \[[@B19]\], while clashes are observed when both AP-1 and the histone octamer bind the same DNA (Figure [3](#F3){ref-type="fig"}C).

We next examined how the three classes of GR motifs at pre-, re-, and un-programmed DHSs correlate with expression of nearby genes (Additional file [1](#S1){ref-type="supplementary-material"}: Table S4A-C). GR peaks with canonical motifs at pre-programmed DHS tend to activate nearby genes (34%) compared to canonical motifs in un-programmed DHS (14%). In contrast, un-programmed peaks without a motif tend to be more activating (39%) in comparison to the pre-programmed peaks (21%).

Clusters of identical TF motifs are better bound
------------------------------------------------

To identify additional sequence properties besides INOS that are predicative of TF binding to canonical motifs, we examined co-localization with the same sequence (homotypic clusters \[[@B32]\]) or a second sequence. Canonical motifs were placed into bins depending on the distance to the nearest canonical motif. Additional file [1](#S1){ref-type="supplementary-material"}: Figure S5A shows, for example, there are only \~300 GR motifs with a second GR within 150-bps and 18% are bound by GR. This increase relative to the \~5% bound for a single GR motif may be because they are called as a single peak. In contrast, there are \~1,000 GR motifs that do not have nearest neighbor within 100,000-bps and only 3% are bound (Additional file [1](#S1){ref-type="supplementary-material"}: Figure S5A). Similarly, 18% of the \~20,000 AP-1 motifs that are within 150-bps of a second AP-1 motif are bound by c-Jun (Additional file [1](#S1){ref-type="supplementary-material"}: Figure S5B). Adding the clustering of GR motifs into the logistic regression increased the PVE from 3.9% to 4.2% and AUC from 0.66 to 0.67 (Table [1](#T1){ref-type="table"}, Additional file [1](#S1){ref-type="supplementary-material"}: Table S1B).

An AP-1 motif within 150-bps of a GR motif triples GR binding
-------------------------------------------------------------

Previously, the AP-1 motif was shown to enrich in GR peaks \[[@B21]\]. To identify a second sequence enriched in GR peaks, we compared the enrichment of all GR-like split 8-mers (N-NNN\-\--NNN-N) to continuous 8-mers (NNNNNNNN) (Figure [4](#F4){ref-type="fig"}A). The three most enriched continuous 8-mers are AP-1 canonical motifs (\>5-fold enriched).

![**GR and AP**-**1 motifs co**-**occurrence in the genome and GR peaks.** (**A**) Enrichment of split 8-mers (N-NNN\-\--NNN-N) vs. all continuous 8-mers in the GR ChIP-seq peaks. Red dots: the canonical GR motif and 1-bp variants (mismatch in red), Blue dots: the 8-mers with AP-1 motif.(**B**) The co-occurrence of canonical GR and AP-1 motifs at distances up to 900-bps in masked mouse genome (blue) and GR peaks (red). The bin size is 50-bps with 1-bp sliding window. (**C**) The co-occurrence of canonical GR and AP-1 motifs within a nucleosome range (\<150-bps) is statistically significant in both the genome (p=3×10^-53^) and GR peaks (p=4×10^-162^). (**D**) Same as (**C**) but for GR and AP-1 motifs separated by 150-bps to 900-bps. Their co-occurrences in the genome are close to expected occurrences (p=0.08) but enriched in GR peaks (p=4×10^-49^). (**E**) The co-occurrence of canonical GR and AP-1 motifs within a nucleosome range (\<150-bps) is statistically significant in both the DHS regions (p=2×10^-7^) and GR peaks (p=1×10^-179^). (**F**) Same as (**E**) but for GR and AP-1 motifs separated by 150-bps to 900-bps. Their co-occurrences in the DHS regions are close to expected occurrences (p=0.77) but enriched in GR peaks (p=3×10^-12^). (**G**) Number of GR motifs with 0, 1, or 2 or more AP-1 motifs within 150-bps and y-axis represents percent in the GR peaks. The \* denotes the statistical significance (p\<1×10^-10^) of co-occurring GR and AP-1 motifs being bound by GR protein compared to GR motifs without an AP-1 motif. (**H**) Percent of canonical or 1-bp variants of GR motifs with (blue) or without (red) canonical AP-1 motifs within 150-bps in the GR peaks. Motifs are presented by their enrichment in the GR peaks.](1471-2164-14-428-4){#F4}

The effect of the distance between AP-1 and GR motifs on GR binding was examined (Figure [4](#F4){ref-type="fig"}B-D). In the masked genome, there is a decrease in the number of GR and AP-1 motif pairs as the distance between them increases from 0-bps to 900-bps (Figure [4](#F4){ref-type="fig"}B). There are 1,566 occurrences of an AP-1 motif within 150-bps of a GR motif in the genome, much higher than expected (p=3×10^-53^) calculated using *in silico* random sampling in the genome (Figure [4](#F4){ref-type="fig"}C-D). When we examined GR ChIP-seq peaks, GR motifs with a nearby AP-1 motif are better bound, with a clear inflection at 150-bps. At shorter distance, there is no unique spacing between the two motifs implying no direct physical interaction between GR and c-Jun (Additional file [1](#S1){ref-type="supplementary-material"}: Figure S6A) with GR and AP-1 motifs that are closer together being better bound (Figure [4](#F4){ref-type="fig"}B). If the two motifs are between 150-bps to 900-bps, the observed occurrences in the genome and GR peaks is closer to expected occurrences. We also examined the co-occurrence of GR and AP-1 motifs in all DHS regions (\~10% of mouse genome), and the similar results are observed (Figure [4](#F4){ref-type="fig"}E-F). For GR motifs with an AP-1 motif within 150-bps, GR preferentially binds motifs with higher INOS (Additional file [1](#S1){ref-type="supplementary-material"}: Figure S6B). The PVE and AUC by the co-occurrence of an AP-1 motif within 150-bps of a GR motif are 2.6% and 0.57, and the addition of INOS to AP-1 co-occurrence increased the PVE to 6.7% and the AUC to 0.70 (Table [1](#T1){ref-type="table"}). There are 53 GR motifs with two or more AP-1 motifs within 150-bps in the genome and 28% of them are bound suggesting that the AP-1 motifs can act additively (Figure [4](#F4){ref-type="fig"}G, Additional file [1](#S1){ref-type="supplementary-material"}: Table S1B, 5A).

The enrichment of AP-1 motifs in GR peaks occurs primarily in pre-programmed GR peaks. 66% of the pre-programmed GR peaks (3,891/5,865) overlapped with c-Jun peaks, 13% of the re-programmed GR peaks (259/1,946) overlapped with c-Jun peaks, and only 1% of un-programmed GR peaks (3/425) co-occur with a c-Jun peak (Figure [3](#F3){ref-type="fig"}A). When examined from the c-Jun perspective, 20% of the pre-programmed c-Jun peaks (3,812/19,370) have a GR peak while 93% of re-programmed c-Jun peaks co-occur with the GR peaks (297/321) suggesting a mechanism where c-Jun promotes GR binding by creating new DHSs, and only 13% of the un-programmed c-Jun peaks co-occur with a GR peak (91/700) (Figure [3](#F3){ref-type="fig"}B).

Bound 1-bp variants of the GR motif are more enriched for AP-1 motifs than canonical GR motifs
----------------------------------------------------------------------------------------------

Several GR-like split 8-mers are enriched in GR peaks and the 5 most enriched sequences are 1-bp variants of the canonical GR motif. The occurrence of the GR canonical motif and its 1-bp variants in the pre-, re-, and un-programmed GR peaks (Table [2](#T2){ref-type="table"}, Additional file [1](#S1){ref-type="supplementary-material"}: Figure S7A) showed that the two canonical GR motifs and the 1-bp variants are more frequent in the re-programmed and un-programmed GR peaks than the pre-programmed GR peaks. For all 1-bp variants of GR motif in the genome, we determined what percent are bound by GR and if one or more AP-1 motifs was within 150-bps. Relaxing the GR motif of G-ACA\-\--^T^/~C~GT-C by 1-bp decreased GR binding to less than 1% of all occurrences in the genome. However, the presence of AP-1 motifs within 150-bps to the 1-bp variants of GR motif increased GR binding by \~8-fold (Figure [4](#F4){ref-type="fig"}H). Taken together, AP-1 motifs contribute significantly to GR binding but preferentially to non-canonical GR motifs. Similar to the canonical AP-1 motif, 1-bp variants of the AP-1 motif can contribute to GR binding (Additional file [1](#S1){ref-type="supplementary-material"}: Table S1B and Table S5A-B). Co-occurrences of AP-1 motif with 1-bp variants of GR motifs are always higher than those with the canonical GR motifs in the GR ChIP-seq peaks, although their binding intensity is lower than the canonical GR motifs (Table [2](#T2){ref-type="table"}, Additional file [1](#S1){ref-type="supplementary-material"}: Figure S7B). These data suggest a prominent role of AP-1 in creating DHS that subsequently facilitate GR binding to 1-bp GR variants in the pre-programmed DHS \[[@B22]\].

Co-occurring AP-1 motifs need c-Jun binding for GR binding
----------------------------------------------------------

The contribution of c-Jun binding to GR binding was examined using A-FOS, a dominant negative protein that heterodimerizes with c-Jun and prevents DNA binding \[[@B22],[@B33]\]. The GR peaks with more than a 50% decrease in tag-density upon A-FOS expression are considered c-Jun dependent. For the pre-programmed motifs, A-FOS expression inhibited 44% of GR binding to canonical GR motifs when there was an AP-1 motif within 150-bps but only 15% of GR binding to canonical GR motifs without a nearby canonical AP-1 motif. Similar results were observed for all 1-bp variants of GR motifs (Table [2](#T2){ref-type="table"}, Additional file [1](#S1){ref-type="supplementary-material"}: Figure S8). A-FOS expression had similar effects on the re- and un-programmed GR peaks that contain a GR and AP-1 motif within 150-bps. The effect of A-FOS was lower in the re- and un-programmed GR peaks without an AP-1 motif again supporting the observation that presence of nearby AP-1 motif helps create a DHS facilitating GR binding to the canonical and 1-bp variants of GR motifs.

GR binds different GR motifs in AtT-20 cells
--------------------------------------------

In a mouse pituitary AtT-20 cell line, GR bound different canonical GR motifs that also have high INOS (Figure [5](#F5){ref-type="fig"}A-B), suggesting that this trait is a general principle regulating GR localization (Additional file [1](#S1){ref-type="supplementary-material"}: Table S1B). The logistic regression analysis indicates that the PVE and AUC of INOS in peaks for GR localization are 2.6% and 0.65 in AtT-20 cells (Additional file [1](#S1){ref-type="supplementary-material"}: Table S1B). Instead of co-occurrence with AP-1 motifs (Figure [5](#F5){ref-type="fig"}C), GR co-occurred with the E-Box motif (CAGCTGT) in AtT-20 cells (Figure [5](#F5){ref-type="fig"}C-E, Additional file [1](#S1){ref-type="supplementary-material"}: Table S5C) suggesting that the co-occurrence of a second TFBS might be a cell type dependent mechanism. The addition of nearby E-box motif to the logistic regression increased the PVE for GR binding from 2.6% to 3.5% (Additional file [1](#S1){ref-type="supplementary-material"}: Table S1B).

![**In AtT**-**20 pituitary cells**, **GR binds regions with high INOS and co**-**occurs with E**-**box motifs.** (**A**) Average INOS near (±750-bps) canonical GR motifs (G-ACA\-\--TGT-C); 390 bound and 26,786 unbound GR motifs in AtT-20 pituitary cells are shown. (**B**) GR binds preferentially to the GR motifs with higher INOS in AtT-20 cell line. See Figure [1](#F1){ref-type="fig"}C. 1.44% of all GR sites are bound by GR (black dashed line). (**C**) AP-1 motifs are not enriched in GR peaks in AtT-20 cells. (**D**) Number of GR motifs with 0, 1, or 2 or more E-box 7-mer (CAGCTGT) within 150-bps in the genome and percent bound by GR are presented along y-axis. The \* denotes the statistical significance (p\<0.01) of co-occurring GR and E-Box motifs being bound compared to GR motifs without an E-Box motif. The red dashed line in panels **C**-**D** is the average binding ratio of the GR motif. (**E**) The co-occurrence (9,651) of a canonical GR and E-Box motif at various distances up to 900-bps in the masked mouse genome and fraction in AtT-20 GR ChIP-seq peaks. The bin size used is 50-bps with 1-bp sliding window.](1471-2164-14-428-5){#F5}

Discussion
==========

The advent of the ChIP-seq technique \[[@B34]-[@B36]\] has produced detailed maps of transcription factor binding in the genome. These data sets are often used to produce a position weight matrix for preferred binding sites. However, it is difficult to compare the properties of one TF with another. We have used a logistic regression to evaluate sequence properties near TFBS that are predicative of a TFBS being bound *in vivo*. We examined the INOS of TFBS embedded in 150-bps of DNA and the co-occurrence of a secondary motif. These descriptors are different for the three TFs examined, GR, c-Jun, and Hoxa2 binding the GR, AP-1 and Pbx motifs respectively.

Recent computational models for calculating the strength of the *in vitro* binding of a nucleosome to any 150-bp length of DNA \[[@B4],[@B5],[@B37]\] allows evaluation of the significance of this parameter to TF localization in the genome. Many TFs bind in regions that have higher INOSs than neighboring DNA and are depleted for nucleosomes \[[@B5]\]\[[@B30]\] suggesting a competition model of gene regulation \[[@B18]\]. We determined the INOS for each canonical GR, AP-1, and Pbx motif in the genome and identified which ones were bound by examining ChIP-seq data for GR and c-Jun. Our analyses showed that both GR and c-Jun bind preferentially to the canonical motifs predicted to be well bound by nucleosomes (Figure [1](#F1){ref-type="fig"}) lending support to the competition model of gene regulation \[[@B18]\] that we were able to quantify using a logistic regression. These data indicate that high INOS is more predictive of c-Jun localization (PVE = 11.5, and AUC = 0.77) than GR localization (PVE = 3.9, and AUC = 0.66) with Pbx showing little localization dependent on high INOS (PVE = 0.6, and AUC = 0.57). The greater value for c-Jun localization to AP-1 motifs than GR binding to GR motifs suggest c-Jun may be more involved in competitive interactions with nucleosomes, such as maintaining or creating DHS \[[@B22]\]. Both GR and Pbx binding motifs with low INOS suggesting a second mode of function for these two proteins. The significance of these differences observed among GR, c-Jun and Hoxa2 using the logistic regression will become clearer as additional TFs are examined. More accurate models of sequence specific nucleosome binding will improve the accuracy of these predictions.

Competition models for TF and nucleosome binding the same sequence have been extended to collaborative competition models where two TFs can bind to DNA independently but on their own do not displace a nucleosome. However, cooperatively they displace a nucleosome if they are within 150-bps \[[@B10],[@B11],[@B15]-[@B18]\]. This switch mechanism is observed in mammalian genomes \[[@B3],[@B7]\] where regulatory regions \[[@B1]\] are often CpG islands that are well bound by nucleosomes *in vitro*\[[@B8]\] but not *in vivo*. The mechanism for the switch is complex. For example, some TFs (e.g. GR) can bind to a motif that is also bound by the histone octamer, while other TFs (e.g. c-Jun) can only bind to motif only when the histone octamer is not bound. Additional cooperativity to the switch can be achieved with cooperative binding of TF to their TFBSs \[[@B28],[@B38]\].

The ability of two TFs to compete with a nucleosome for binding suggests that they are within 150-bps of each other \[[@B18]\]. When we examine the entire genome, there are \~1,500 occurrences of GR and AP-1 motifs within 150-bps, compared to \~1,100 occurrences expected, indicating that co-occurring GR and AP-1 motifs are enriched in the genome. In the mammalian genome, the clustering of TFBS is always observed when the two TFBS contain a CG dinucleotide \[[@B9]\] because of the presence of CpG islands in the genome. However, neither the abundant GR motif (G-ACA\-\--TGT-C) nor the AP-1 motif contains a CG dinucleotide suggesting their preferential localization in the genome is independent from the clustering of TFBS containing CG. For the rare CG dinucleotide containing GR motif (G-ACA\-\--CGT-C), the methylation status of the CG can regulate function adding a layer of complexity onto GR activity \[[@B39]\].

The collaborative competition model allows a single TF to interact with different TF in different cell types producing multiple functions. This is consistent with the observations concerning GR co-localization with different DNA motifs in the two cell types examined. In the mouse pituitary cell line AtT-20, GR binds GR motifs that have high INOS. But instead of being enriched in AP-1 motifs, GR binds canonical motifs enriched in the co-localizing E-Box motif that are within 150-bps. GR binds preferentially to motifs with high INOS in both 3134 and AtT-20 cells. Thus, the propensity to bind a nucleosome may be a general parameter in determining GR localization. However, the nucleosome may be displaced by different collaborative TFs in difference cells, suggest that nucleosome positioning can be cell-specific.

TFBS are often clustered in regulatory regions \[[@B18],[@B32],[@B40],[@B41]\] where low-affinity TFBSs may play a role in assisting high-affinity motifs bind a TF(s) to displace a nucleosome \[[@B11],[@B42]\]. 83% of GR peaks and 42% of c-Jun peaks do not contain canonical motifs. However, many 1-bp variants are enriched in GR and c-Jun peaks, allowing us to survey the difference of collaborative competition for canonical and 1-bp variants. We observed that a canonical AP-1 motif facilitates GR binding to 1-bp variants (\~8 folds) better than the two canonical GR motifs (\~3 folds).

The intrinsic nucleosome occupancy is correlated with GC content, which implies that some TFBSs with high GC content may be well bound by nucleosomes \[[@B4],[@B5],[@B8],[@B37]\], while others with low GC content may be not. Both GR and AP-1 canonical motifs are calculated to be well bound by nucleosomes. The GR (G-A**CA**\-\--**TG**T-C) and AP-1 (**TG**A^C^/~G~T**CA**) motifs have two pyrimidine-purine dinucleotides (in bold) separated by 5-bps. These sequences wrap well around a nucleosome, which may be the reason why nucleosomes are calculated to bind these sequences well \[[@B43]\]. Besides GR and AP-1 motifs, many additional 8-mers, such as the CRE (TGACGTCA) and CTCF motif (AGGGGGCG) have a high INOS, which indicates that many TFs bind to the same sequences calculated to be well-bound by the nucleosome and produce an intrinsic competition between TF and nucleosomes for binding the same DNA. In contrast, some motifs, e.g., Pbx (TGATTGAT) bound by Hoxa2 are not well bound by nucleosomes suggesting they are not competing for binding to the same DNA. Hoxa2 ChIP-seq data showed binding to motifs with both high and low INOS suggesting that this protein can function in two separate mechanisms. These results are consistent with what Charoensawan et. al recently observed in yeast \[[@B29]\].

Examples of a non-competitive model for TF and nucleosome binding are observed in yeast. Generally, yeast promoters are AT-rich with lower nucleosome occupancy both *in vitro* and *in vivo*\[[@B4],[@B44]-[@B46]\]. A recent study showed that, in yeast the transcriptional activators with high intrinsic nucleosome binding properties might compete with nucleosomes, while the repressors are intrinsically less likely to compete with nucleosomes \[[@B29]\]. In yeast, TFs can recognize a specific regulatory region in the genome background to regulate gene expression, while in higher eukaryotes, such as human and mouse, TFBSs must be clustered to achieve specificity and collaborate to compete with nucleosomes \[[@B2]\].

Conclusion
==========

We have used a logistic regression to quantify the contribution of INOS and co-occurring sequence to TF binding in the genome. This strategy will allow investigators to more richly compare the properties of different TFs. Only AP-1 motifs with high INOS were preferentially bound while GR and Hoxa2 bound canonical motifs with both high and low INOS suggesting these proteins can function using two mechanisms.

Methods
=======

Data sets
---------

The reference genome of mouse (masked and unmasked, mm9) and DHS peaks in 55 samples from ENCODE project \[[@B47]\] are obtained from University of California Santa Cruz Genome Bioinformatics website (<http://genome.ucsc.edu/>) \[[@B48],[@B49]\]. The data of GR ChIP-seq peaks, DHS peaks and expression array data in mouse 3134 mammary cells and pituitary cell line AtT-20 is from previous study \[[@B21]\] deposited at NCBI with SRA number of SRP004871 and GEO number of GSE26189. The data of c-Jun ChIP-seq peaks and GR ChIP-seq peaks upon A-FOS is from the study \[[@B22]\] deposited at NCBI with SRA number of SRP007111. The data of Hoxa2 ChIP-seq peaks is downloaded from supplementary data of Donaldson et. al's study \[[@B23]\] deposited at NAR Online. The canonical motifs for GR, AP-1 and Pbx are selected based on the enrichment of GR-like 8-mers, 7-mers, 8-mers in GR, c-Jun and Hoxa2 ChIP-seq peaks. Custom Perl scripts are used to search GR, AP-1 and Pbx motifs base by base across the whole masked mouse genome of mm9, and to extract the sequences with 750-bps upstream and downstream to the center of each peak and motif from the unmasked genome of mm9.

Enrichment of GR-like 8-mers and AP-1 like 8-mers in ChIP-seq peaks
-------------------------------------------------------------------

To calculate the enrichment of different 8-mers, we first generated the unique 32,896 8-mers by ignoring the complementary reverse 8-mers. Then we extracted the sequences with 750-bps upstream and downstream to the center of each ChIP-seq peak from the unmasked genome of mm9. For each sequence, we defined the DNA fragment of ±150-bps to the center of peak as Peak region, and ±750-bps to ±150-bps to the center of peak as Background region. For each 8-mer, we count the occurrence of the 8-mer in Peak region as \#PK, and occurrence of the 8-mer in Background region as \#BG. The enrichment for each 8-mer (E~8-mer~) is then calculated as: $E_{8 - {mer}} = \frac{\#\mathit{PK}}{\#\mathit{BG}}\mspace{9mu} \times \mspace{9mu}\left( \frac{1500 - 300}{300} \right)$.

Intrinsic nucleosome occupancy calculation
------------------------------------------

Two models for calculation of intrinsic nucleosome occupancy are used in our analysis. One is intrinsic nucleosome occupancy score (INOS) based on Lasso algorithm from Hughes' group \[[@B5],[@B37]\] and the second model to predict nucleosome occupancy probability (PNOP) uses Segal's model \[[@B4]\]. For each 1,500-bps sequence, we calculated the INOSs and PNOPs for each 147-bps slide window and moved the window one base-pair at a time to get the profile of INOSs and PNOPs. The control set is 100,000 sequences random selected from mm9. The Peak value of INOS is calculated from the middle 147-bps of each peak or motif. The Background value of INOS is the average INOSs of regions from ±750 to ±150-bps to the peak or motif. The Relative Peak value of INOS is calculated as Peak value minus Background value. The INOS for excluding a specific motif (G-ACA\-\--TGT-C or TGA^C^/~G~TCA) is calculated from the sequence whose motif is replaced by random bases but with GC content of 42% as in the mouse genome.

Modeling GR and c-Jun binding by a logistic regression
------------------------------------------------------

To analyze the GR and c-Jun binding to the canonical motifs, we performed a logistic regression using the generalized linear model (GLM) with the R statistical language. GLMs were formulated by John Nelder and Robert Wedderburn as a way of unifying various other statistical models, including linear regression, logistic regression and Poisson regression \[[@B50]\]. GLM is a standard package in R language for computation and modeling. For each motif M~i~, the binding value (BV~i~) for M~i~ is 1 if motif M~i~ occurs in the ChIP-seq peaks, otherwise BV~i~ is 0. Three INOSs for each M~i~ are used for evaluated parameters: INOS of the Peak denoted as INOS^p^, INOS of the Backgroud denoted as INOS^b^, INOS of the Relative Peaks denoted as INOS^rp^. For the parameters of overlap with CGIs (CGI), with in clusters (CLT), co-occurrence with the second motifs (CO), and located in DHSs (DHS), if it is true, the value is 1, otherwise is 0. The formula for calculated the GLM in R is: BV\~ INOS^p^ + INOS^b^ + INOS^rp^ + CGI + CLT + CO + DHS, with the binomial distribution. Let P~BV~ be the conditional probability of motif M~i~ being bound, which is generated from the independent variables of INOS^p^, INOS^b^,INOS^rp^, CGI, CLT,CO, and DHS: P~BV~ = P{BV=1\| INOS^p^, INOS^b^, INOS^rp^, CGI, CLT, CO, DHS}, then the logistic regression is:

$$P_{BV} = \frac{\mspace{180mu}\text{exp}\mspace{180mu}\left( {\beta_{0} + \beta_{1} \times \text{INOS}^{p} + \beta_{2} \times \text{INOS}^{b} + \beta_{3} \times \text{INOS}^{rp} + \beta_{4} \times {CGI} + \beta_{5} \times {CLT} + \beta_{6} \times {CO} + \beta_{7} \times \text{DHS}} \right)}{1 + \mspace{180mu}\text{exp}\mspace{180mu}\left( {\beta_{0} + \beta_{1} \times \text{INOS}^{p} + \beta_{2} \times \text{INOS}^{b} + \beta_{3} \times \text{INOS}^{rp} + \beta_{4} \times {CGI} + \beta_{5} \times {CLT} + \beta_{6} \times {CO} + \beta_{7} \times \text{DHS}} \right)}$$

Where β~0~ is constant, and β~1~, β~2~, β~3~, β~4~, β~5~, β~6~, and β~7~ are the coefficients for INOS^p^, INOS^b^, INOS^rp^, CGI, CLT, CO, and DHS respectively. By logit transformation (link function), a linear regression is generalized from formula (1), as follows:

$$\begin{array}{l}
{{logit}\left( P_{BV} \right) = \ln\left\lbrack P_{BV}/\left( {1 - P_{BV}} \right) \right\rbrack} \\
{\mspace{97mu} = \beta_{0}{+ \beta}_{1} \times \text{INOS}^{p} + \beta_{2} \times \text{INOS}^{b} + \beta_{3}} \\
{\mspace{117mu} \times \text{INOS}^{rp} + \beta_{4} \times {CGI} + \beta_{5} \times {CLT}} \\
{\mspace{119mu} + \beta_{6} \times {CO} + \beta_{7} \times \text{DHS}} \\
\end{array}$$

The percent of variance explained (PVE) is calculated as: PVE = (1-(deviance/null.deviance)) × 100. For each parameter, the PVE denotes the significance for predicting GR or c-Jun binding: the higher value of PVE means the parameter is more predictive. We also estimated area under the ROC curve (AUC) using 11-fold cross-validation to measure the predictive ability of the logistic regression model for comparison between TFs.

Calculation of INOS for GR-like 8-mers and AP-1-like 8-mers
-----------------------------------------------------------

To calculate the INOS for each 8-mer, either GR-like (N-NNN\-\--NNN-N) or AP-1-like (NNNNNNNN), we first simulated a 150-bps DNA sequence using Markov model with the 8-mer fixed in the center and with the same GC content (42%) as mouse genome. We used the seventh-order Markov model to produce the simulated 150 bps. The DNA sequences were generated by using the 8-mer frequencies observed in mouse genome. To populate each 150-bps DNA sequence, initially an 8-mer was chosen at random. To determine each next base, the preceding 7-mer was identified. The frequency of the four 8-mers starting with this 7-mer was determined, and the next base-pair was chosen by chance maintaining this frequency. This process was continued until the entire 150-bps sequence was determined. Then we calculated the INOS for the 150-bps DNA sequence. For each 8-mer, we repeat the simulation for 1,000 times and the average value of the 1,000 INOSs is treated as the INOS for the 8-mer. A random control set of DNA sequences are also calculated with all 150-bps are simulated using Markov model with GC content of 42%. For each control 8-mer, 1,000 sequences 150-bps long are simulated, and 32,896 times are repeated to get the whole random control set.

Simulation of co-occurrence of GR and AP-1 canonical motifs
-----------------------------------------------------------

To simulate the co-occurrence of GR and AP-1 canonical motifs in the genome, we used uniform location model: the same occurrences of GR and AP-1 canonical motifs are generated in each masked chromosome, but each location of the motif is selected uniformly at random from each masked chromosome. For each chromosome with length N, we first generated the locations where bases are not Ns (A\|C\|T\|G), as {X+1, X+2, X+n}, X∈1,...N. If the canonical motif occurs in the chromosome M times, then we random selected M positions from {X+1, X+2, ... , X+n} as the simulated occurrence. Then we simulated for all the 22 chromosomes to get the whole genome simulation. After generating the simulated occurrence of GR and AP-1 canonical motifs, we calculated the distance between the two motifs. 1,000 same simulations are repeated to generate the distribution of co-occurrence of simulated GR and AP-1 motifs with 150-bps and from 150-bps to 900-bps. Similarly, we simulated co-occurrence of the GR and AP-1 motifs in the DHS regions (\~10% genome), where all the simulated GR and AP-1 motifs occurred only in the DHS regions.
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